A possible application of excimer laser irradiation for the preparation of surface enhanced Raman spectroscopy (SERS) substrate is demonstrated. A polyimide foil of 125 m thickness was irradiated by 240 pulses of focused ArF excimer laser beam ( = 193 nm, FWHM = 20 ns). The applied fluence was varied between 40 and 80 mJ/cm 2 . After laser processing, the sample was coated with 40 nm silver by PLD in order to create a conducting layer required for the SERS application. The SERS activity of the samples was tested by Raman microscopy. The Raman spectra of Rhodamine 6G aqueous solution (c = 10 −3 mol/dm 3 ) were collected from the patterned and metalized areas. For areas prepared at 40-60 mJ/cm 2 laser fluences, the measured Raman intensities have shown a linear dependence on the applied laser fluence, while above 60 mJ/cm 2 saturation was observed. The morphology of the SERS active surface areas was investigated by scanning electron microscopy. Finite element modeling was performed in order to simulate the laser-absorption induced heating of the polyimide foil. The simulation resulted in the temporal and spatial distribution of the estimated temperature in the irradiated polyimide sample, which are important for understanding the structure formation process.
Introduction
Raman spectroscopy (RS) is one of the most common spectroscopic methods for studying the vibrational and rotational energy levels of an analyte [1] . Compared to other spectroscopic techniques, RS is fast and nondestructive and needs practically no sample preparation and its microscope/imaging version has very good lateral resolution (about 1-2 m). However, since only a very small fraction of the incident photons are Raman scattered (in general, the intensity of the Raman signal is orders of magnitude weaker than the elastic scattering intensity) [2] , the range of detectable molecules and concentrations is significantly reduced. For that reason, enhancing the Raman signal produced by molecules was always in the focus of attention.
A significant increase of the Raman signal can be achieved when the target molecules are absorbed on adequately structured conducting surfaces. According to theory [3] , surface enhanced Raman scattering (SERS) can be attributed to the laser-induced excitation of surface plasmons, resulting in the increase of the local electric field above the surface. The Raman intensities strongly depend on the magnitude of the developed electric near field, and thereby high enhancement can occur in the measured signal (up to 10 10 in certain cases) [4] .
One of the most widely used SERS active substrates is metal colloids (especially aggregated colloids) produced by chemical methods [5] [6] [7] [8] . Another study aimed at the production of appropriate composite arrangement, where silver colloids were prepared by adding silver nitrate to the aqueous solution of excess sodium borohydride, the reducing agent. The silver colloids were then deposited on smooth silver, copper, and nickel plates. The composite structure was obtained by inserting a monolayer or submonolayer of organic molecules between two of these silver-colloid-covered metal substrates in a sandwich arrangement. On this way the analyte molecules are adsorbed onto the metal plates as ligands and are also in close contact with the silver nanoparticles, which ensure the enhancement for the Raman spectra of the adsorbates [9] .
Advances in Materials Science and Engineering
In another experiment, pulsed laser ablation (PLA) was used to fabricate silver chloride (AgCl) nanocubes directly from a bulk target of silver in sodium chloride (NaCl) solution. The size of the particles was optimized and the surface properties of the cubes were investigated for their SERS activity for Rhodamine 6G (R6G). The results indicated that the AgCl nanocubes obtained using PLA could largely enhance the Raman signal of R6G molecules, which makes them a useful substrate for practical SERS measurements [10] .
In our previous study, the applicability of the laserinduced backside dry etching (LIBDE) technique was demonstrated to form such nanostructures on the surface of a fused silica plate, which are able to produce the SERS effect, when they are subsequently coated with a conducting layer. This method proved to be a relatively cheap and promising technique in the production of SERS substrates without the necessity of specific toolkits; however, the reproducibility of the most suitable surface structures and the size of the nanostructured area on the surface need to be improved for practical use [11] .
In this paper the preparation of nanostructures by excimer laser irradiation of polyimide foil is presented and the suitability of the produced morphologies in creating the surface enhanced Raman scattering effect is demonstrated. Our motivation was to produce a relatively large and homogeneous surface with remarkable SERS activity and good reproducibility by the use of a simple laser-based micromachining technique and cheap substrate material.
Experiments
Kapton HN polyimide foil of 125 m thickness was irradiated by 240 pulses of focused ArF excimer laser beam ( = 193 nm, FWHM = 20 ns). The penetration depth at this laser wavelength is as low as 23 nm due to the high absorption coefficient of polyimide ( = 43 m −1 @ 193 nm) [12] . The illuminated area was 7.07 mm 2 and the applied fluence was varied between 40 and 80 mJ/cm 2 , which was verified by an out-coupled reference beam during the irradiations. After each series of pulses, the sample was moved by an x-y translator, in order to ensure an intact surface area for the next series. Due to the laser treatment, the irradiated surface darkened, which was more discernible in the lower part of the applied fluence range. Previously, Ball et al. observed the decrease in the reflectivity of polyimide due to the formation of carbon clusters on the excimer laser illuminated polymer surface [13, 14] .
Although former experiments showed that the electrical conductivity of the polyimide surface increases significantly in response to the excimer laser irradiation [13] [14] [15] , our attempts to use these solely laser treated surfaces as SERS substrates were unsuccessful. In order to insure the sufficient conducting surface for SERS, the laser patterned surfaces were coated with a thin layer of silver produced by pulsed laser deposition (PLD). The PLD process was carried out in a vacuum chamber at a pressure of approximately 4.5 ⋅ 10 −3 Pa, by using the same ArF excimer laser applied for surface structuring. In this case the laser beam was focused onto a silver target at an incident angle of 45 ∘ , which generated a spot size of 4.24 mm 2 and an average fluence of 570 mJ/cm 2 . The target sample was shot by 15 000 laser pulses and the ejected silver clouds were deposited onto the polyimide surface placed 3 cm directly in front of the silver target. The thickness of the produced silver film was 40 nm on the average, which was measured by a Dektak 8 surface profiler after the PLD process.
Results and Discussion
After the deposition of the thin conducting metal layer, SERS activity of the laser-irradiated and silver covered polyimide surface areas was tested by a Thermo Scientific DXR Raman microscope, operated at laser wavelength of 780 nm and laser power of 5 mW using a 10x objective and a 50 m slit. 10 −3 mol/dm 3 aqueous solution of Rhodamine 6G (R6G) dye was used as test sample. The polyimide foil was fixed on the bottom of a Petri dish and the dye solution was streamed to the dish until it just covered the sample. The thickness of the R6G solution above the sample was few hundreds of micrometers, which was high enough to consider the concentration of R6G to be constant during the Raman measurements, which took a few minutes. Optical microscope images taken from the excimer laser treated sample exhibited circular spots of about 3 mm in diameter, corresponding to the irradiated areas. Since the irradiation experiments were carried out around the ablation and carbonization threshold fluence values, the laser-induced changes were very sensitive for the inhomogeneities of the excimer laser beam intensity. This could be seen in the morphological inhomogeneities of the resulting spots as well. In each laser spot three specific (bright, gray, and dark) terrains could be distinguished. The Raman exciting laser beam was focused in a few m sized spot onto the studied surface of a given laser treated area, and at least four Raman spectra were recorded on every specific terrain type. The characteristic Raman shift peaks of polyimide did not appear in the Raman spectra during SERS investigations, since the transmittance of the applied silver film was less than 4% [16] , which means that only a very small portion of the intensity of the Raman laser light reached the surface of the polyimide sample and an even smaller amount of the scattered light left it, which resulted in the disappearance of the characteristic polyimide peaks observed during reference measurements on the uncoated samples. The characteristic Raman shift peaks of the R6G at 611, 773, 1362, and 1510 cm −1 [17] were identified in every recorded spectrum. On the bright and dark terrains, there was no significant SERS enhancement; nevertheless on the gray shaded places strong increases were observed in the intensity of the characteristic peaks with about 13% standard deviations. Figure 1 shows the dependence of the measured Raman intensities on the applied excimer laser fluence in case of the SERS active terrains of the irradiated spots at the four wavenumbers of the selected peaks in the R6G spectrum. It can be seen that a higher patterning fluence results in higher Raman intensities in the investigated range. Between 40 and 60 mJ/cm 2 , the tendency of the measured Raman intensity curves can be fairly approximated with a linear function, while, above 60 mJ/cm 2 , saturation can be observed. The morphology of the sample surface was investigated by a Hitachi S4700 scanning electron microscope (SEM) in order to study the nanometer-sized structures, which can be relevant in causing the SERS effect. In order to prevent the investigated surface from charging or electron beam induced modification, a relatively low, 1 kV accelerating voltage and 4 A emission current were used without the application of any additional conductive coating (in addition to the PLD deposited silver thin film), which would have covered the existing nanostructures. Figure 2 shows the low magnification images of the silver coated surface areas of polyimide irradiated at different fluences. Three characteristic terrains can be distinguished macroscopically in almost each etched hole: dark, gray, and bright terrains, which are marked with green (1), blue (2), and red (3) fills and outlines, respectively, in Figure 2 . These separated terrain types are equivalent to those, which were identified previously on the optical microscope image of the Raman system. For all fluences, the gray part (marked with green and (1) in Figure 2 )-where significant Raman enhancements could be observed-covers at least half of the total irradiated area. This means that the ratio of this SERS useful area compared to the total irradiated area is at least twice more than it was for the etched holes prepared by LIBDE in our former experiments [11] . Figure 3 represents high magnification SEM images of the SERS active surfaces, where conical-like structures with variable size can be noticed typically. The average size of the cones increased with increasing fluence, and also the conical shapes were more defined as it was also revealed previously by Hopp et al. [18] . Between the conical structures, the surface is densely covered by irregular debris for all irradiation fluences (Figure 4) . It is discernible from Figure 4 that at higher fluences the surface coverage by debris-like structures is higher, and a more expressed fine structure can be seen overall. Considering the small standard deviations experienced in the SERS enhancements at various places of the gray terrain, it is likely that rather these finely structured terrains having extensive coverage on the irradiated surface are responsible for the generation of the SERS effect than the sparsely located conical structures.
Energy dispersive X-ray spectroscopy (EDX) measurements revealed that the proportion of carbon atoms increased inside the laser processed terrains: 5.5% increment was found in the gray terrains and 9.1% in the dark ones on the average. This indicates that the generated surface structures may not only consist of pure polyimide, but carbon clusters and polyimide fragments as well, which was proved by Chtaïb et al. in earlier XPS measurements on ArF excimer laser irradiated polyimide [19] . It is known that in case of polyimide at temperatures higher than 793 K a chemical decomposition occurs instead of melting or evaporation [20] . Our observations imply that high temperature induced surface patterning of polyimide is a criterion for its SERS activity, which needs sufficiently high temperature provided by the absorption of the applied laser energy. In order to model this process, the spatial and temporal temperature distribution in the irradiated polyimide foil was calculated by finite element modeling, using the Comsol Multiphysics package. The absorbed laser energy in the polyimide was considered to be a heat source, which has a Gaussian temporal profile and an exponential spatial (depth) profile according to the Beer-Lambert absorption law. The results showed that the temperature of the irradiated foil exceeds the decomposition temperature of the polyimide down to 140 nm depth after one laser pulse of 40 mJ/cm 2 fluence, which explains the chemical modifications on the irradiated surface observed by EDX. Furthermore, ablation occurs in the whole applied fluence range, since the applied fluence was above the ablation threshold fluence (∼25 mJ/cm 2 for polyimide at 193 nm [21] ). The ablation process is important regarding the mechanism of the surface structure formation. It has been observed earlier that direct etching that is ablation of polyimide can result in microstructures having well-defined shapes [18, 22, 23] , which are conical in case of our experimental conditions [18] . However, our results indicate that in the SERS point of view not the conical microstructures are responsible for activating the SERS effect, but the ablated polyimide micro-and nanofragments, which are backscattered from the plume and redeposited onto the irradiated polymer surface, have a substantial role. This effect is similar to the inverse PLD, discovered byÉgerházi et al. [24] . Not only the fine structure but also the quantity of the ablated and redeposited material is a significant parameter concerning the SERS activity of the surface. In order to find out the role of these we measured the etch depths of the ablated holes by a Dektak 8 surface profiler. Knowing the irradiated area and the depths of the etched holes, we could give an upper estimation for the ablated volume of the ablated material as a function of the applied laser fluence ( Figure 5 ). The calculated volume of the removed material during excimer laser ablation and the measured Raman intensity shows similar tendencies as functions of fluence ( Figure 1 ) indicating that there might be a correlation between these two separate processes. Regarding the mechanism of the SERS activity of the system, it is known that silver layers having approximately 40 nm thickness support plasmon resonances [25] . Besides that, it is plausible that the enhancement of the Rhodamine 6G peaks on nanostructured silver surface may not only result from an enhancement in the electric field provided by the surface, but the interaction of chemisorbed R6G molecules with ballistic electrons that are generated through plasmon Advances in Materials Science and Engineering 
Conclusions
The preparation of micro-and nanostructures by excimer laser irradiation of polyimide was presented for the purpose of manufacturing a substrate for surface enhanced Raman scattering applications. In order to reach the necessary conductivity of the surface for SERS, the laser treated polyimide foil was covered by a thin layer of silver by PLD. Three types of typical structures could be discerned in each irradiated spot: dark, gray, and bright terrains regarding the optical microscopic investigations and low-magnification SEM images. Considerable SERS intensity enhancement was observed on the gray parts of the irradiated areas compared to the unirradiated and also metal coated surface areas. We found that the SERS activity of the irradiated areas prepared at higher laser fluences was higher. By taking a closer look at the gray parts of the irradiated spots by SEM and recording EDX spectra at the same places, we observed that besides conical microstructures the surface morphology is finely structured, and indications for chemical decomposition (carbonization) can be observed. Our model calculations for spatial and temporal temperature distribution in the irradiated polyimide foil have proved that the required conditions are fulfilled not only for chemical decomposition but also for ablation. Therefore we presume that redeposition of microand nanofragments backscattered from the plume during the ablation process resulted in the observed fine structure of the SERS active areas. As a conclusion, the applied polyimide is a cheap material for SERS substrate purposes, while nanosecond excimer laser irradiation is a fast production method without the need of any specific toolkits excepting the irradiating laser source. Regarding the structured surface of the created substrate, the size of the SERS active area covered at least half of the total irradiated area in case of every fluence values, which is more than 7 times larger in absolute value than the most enhancing area in our former experiments, where the SERS substrate was prepared by LIBDE, which is a slightly complicated method for material fabrication [11] . In addition, considering the 13% standard deviation in the measured Raman intensities of the characteristic peaks of the R6G, the reproducibility of the produced structures was good.
